The design, siting and orientation of many modern poultry houses in Arab countries indicate that the principles of thermal exchange are not widely known or, if known, are too often ignored. In this paper the measures which could be used to reduce the fatal effect of the heat stress phenomenon are presented by modelling and simulating a typical poultry house. A case study was conducted to show the influence of each parameter on the behaviour of the building. The most influential parameters are: ventilation, shape, orientation, number of occupants etc. The evaporative cooling systems models were linked to thermal building software, TRNSYS, and the assessment of a poultry house equipped with passive cooling systems will be presented. The simulations show that the heat stress phenomenon could be avoided. The experimental study of the poultry house equipped with a passive cooling system shows a decrease of the internal air temperature (up to 9 °C), and an improvement of the production quality, which is shown by a decrease in mortality rate and an increase in body weight.
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Introduction
The purpose of a poultry house is to confine the birds; to protect them from predators and environmental extremes which would cause mortality or reduced growth, feed efficiency, immunocompetence, fertility or egg production; to facilitate light control; and to facilitate bird management. Expected temperature and humidity extremes are important factors that influence poultry house design. Prolonged periods with daily maximum temperatures over 42 °C make it very difficult (if not impossible) to achieve good flock performance with naturally ventilated housing. Highhumidity environments reduce the effectiveness of evaporative cooling (R. A. Ernst). The quality of poultry production is then conditioned by a perfect command of the environment in the poultry house. In Arab countries, where outside temperature can reach 4l°C, poultry are subjected to severe stress and they cannot be sustained for long periods of time under these conditions without evaporative cooled housing. During the 2003 summer, losses due to excessive heat in Morocco were estimated at about ten million Euros (FISA). In other hot weather Arab countries, a large number of poultry farmers do not grow birds in summer owing to the high mortality rate Alloui N., et al. Nevertheless, this is not a problem specific to hot countries. In France, bird losses from improper environment are estimated at six million Euros per year Bouvarel., et al.
The strategies put forward to reduce the negative effects of heat will depend on the type of thermal stress to which birds are exposed. In the case of heat stress, the solutions are essentially technical (amelioration of poultry houses and adaptation of farming techniques). In the case of prolonged or chronic exposures, nutrition or genetic solutions can be considered so as to ameliorate the birds' growth.
Although drops in production due to thermal stress anorexia may be partly prevented by compensatory adjustment of the ration, suitably designed housing is necessary to reduce the environmental heat load to which birds may be exposed and to secure optimum conditions for their heat dissipation. The design, siting and orientation of many modern poultry houses in Arab countries indicate that the principles of thermal exchange are not sufficiently widely known or, if known, are too often ignored.
This paper attempts to assist with the problem by presenting practical recommendations based on elementary principles of thermal exchange and relevant bio meteorological knowledge.
The aim of this work is to master the environment in poultry houses in the Arab World. To achieve this, we had first to diagnose the dynamic behaviour of the poultry house in order to suggest solutions that are well adapted to existing houses, and to finally find a method of cooling that would reduce the temperature in the houses with minimum energy consumption.
For the case study of Morocco, we used the TRNSYS computer program for the modelling and simulation of the energy flows of the poultry house of Tangier (North of Morocco). Experimental evaluations were realised on two identical poultry houses: one is equipped with a system of passive cooling and the other one is not equipped.
Poultry farming in the Arab World
The poultry industry in Arab countries has expanded remarkably in recent years. According to 2003 statistics (Table 1) , the private investments in this sector are estimated at about 8 billion US$ (FAO).
In Jordan, for example, the total investments in the poultry industry are estimated at US$ 430 million at both the private and public levels. The numbers of broiler farms has increased substantially since 1981 through 2000 and the production capacity of each farm has also improved ( Table 2) . Consumption of poultry meat has also increased in a similar manner over the same period (Table 3 ). The egg industry has also grown and developed rapidly in the past few years. There are now about 275 poultry farms specializing in egg production with a total housing capacity of about 6.0 million birds (Table 4 ) (Salah and Esmail, 2003) .
In Morocco, the poultry sector has known a remarkable development since the beginning of the 1970s. The production of white meat increased from 57000 tons in 1975 ( 3.25 kg/person per year ) to 255000 tons in 2001 (9.10 kg/person per year), among which 200000 tons coming from the industry sector; which is an average growth rate of 13 % a year (which corresponds to an average growth per capita of about 7 % a year). This progress is related to the development of the private sector of industry in which the rhythm of progress was stronger during the last five years. The observed progress is the result of incentive measures that allowed the sector to respond promptly to the market's needs. The white meat position of the total meat consumption increased from 23 % in 1970 to 45 % in 2001 Guedira A., et al. As for the production of eggs for consumption, eggs increased from 400 millions units in 1975 to 3.3 billions in 2001, an annual average increase of 27 %. Consumption eggs represent 2.4 billion units of the total industry production.
However, despite improvements in poultry production in almost all the Arab countries during the last decades, poultry farming is always facing constraints of different types. It should be emphasized that the individual consumption of poultry remains below the nutritional standards recommended or admitted by the international specialised organisations such as FAO, and WHO, and a deficit in animal protein is always registered Sbihi A. et al. It is accepted that in order to increase the daily animal protein consumption per capita, consumption of poultry products should be augmented. It is thus important to contribute to the development of this sector, and to improve poultry production by surmounting the most difficult problem of heat stress.
Principles of thermal exchange to improve performance: a case study of Morocco
TRNSYS program overview
TRNSYS is a transient systems simulation program with a modular structure and is used in the present study for deriving the results. Each module contains a mathematical model for a system component. The TRNSYS engine calls the system components based on the input file and iterates at each time-step until the system of equations is solved.
For the present study, TRNSYS Type 56 is used to model the thermal behaviour of a typical poultry house in Tangier. All heating and cooling loads arising from walls, windows, flat roof and floor are calculated with Type 56 model, by utilising the transfer function method (Klein et al., 1998) . This method simplifies calculations and can provide the instantaneous heat flux entering or leaving a zone through the various parts of the building.
The evaporative cooling systems were developed and coupled to the TRNSYS environment.
Weather data are needed to perform the simulation with TRNSYS. Because of the non availability of the meteorological data of the city of Tangier, a calculation was realised by using the hourly solar global irradiance on horizontal surface, ambient temperature, humidity, wind speed and direction for 2001 and 2002. 
Model poultry house construction
For the estimation carried out in this paper, a typical model poultry house was considered as illustrated in figure 1. It is oriented towards the North direction. It has a floor area of 500 m 2 and consists of four identical externals walls: 50 m in length and 4 m in height for the north and south walls with a total window opening of 16.5 m 2 on each wall, and 10 m in length and 4 m in height for the east and west walls with a total window opening of 3 m 2 on each wall. The overall heattransfer coefficient of the walls is U = 0.842 w/m 2 .k. The compared buildings are labelled as:
Type 1: no roof insulation (U = 2.233 w/m 2 .k) poultry house. Type 2: 25 mm roof insulation (U = 0.691 w/m 2 .k) poultry house. Both buildings are constructed from double walls (0.07 m hollow brick, 0.02 m cement coating on each side and an interior air space) and flat roof (0.07 m hollow brick, 0.1 m concrete and a 0.02 m cement coating). The farming capacity of both buildings is 10000 broilers.
The internal gains in temperature due to the occupants and to the light are assessed to 90 W/m 2 during the occupied period. With windows open during summer, the infiltration airflow rate is assumed to be constant and equal to ten air change per hour Dimoudi A.
Results and Discussion
Simulations were realized on the typical building during summery periods, by using meteorological data measured on the site where the building is implanted. A case study was realized to show the influence of each parameter on the behaviour of the building. The most influential parameters are: ventilation, shape, orientation, number of the occupants etc…. The assessment of a poultry house equipped with passive cooling systems is shown below.
Effect of ventilation
The effect of introducing naturally or mechanically ambient air into the space when the outdoor air is of a lower temperature than the indoor one during the summer is investigated.
The simulation shows that, in summer, the higher the ventilation rate, the lower the indoor temperature for a non conditioned poultry house (Figure 2 ). The effect of ventilation rate on the reduction of the maximum indoor temperature for poultry house with no roof insulation is shown more clearly in (Figure 3 ). It can be seen that without ventilation (be it natural or mechanical), the indoor temperature will reach 45°C. With ventilation, this temperature will decrease by about 1.5°C per 2 air changes per hour, 2.7°C for 5 air changes per hour and 3.8 °C for 10 air changes per hour. In the summer due to the thermal storage effect of the building envelope, and due to the important number of poultry inside the poultry house, there may be a requirement to extract heat from the building in order to maintain it at about 28 °C, which represents the temperature of comfort during the last two weeks of rearing in which the chickens are very sensitive to the heat. Therefore a reduction of the cooling load may be obtained if the ventilation rate is increased (naturally or mechanically), to take advantage of the lower temperature of the outside air.
The simulation results are presented in (Figure 4) , and show that a reduction of the cooling load is obtained, when the air changes per hour increase. The effects of ventilation on the cooling load for the no roof and roof insulation constructions are presented in table 5. As it is seen, when maintaining the poultry house at 28 °C in summer, the ventilation leads to a maximum reduction of cycle cooling load of 29.9 %. The reduction of cooling load increases with insulation. Effect of poultry house shape and orientation The exposed surface area of the building is related to the rate at which the building gains or loses heat while the volume is related to the ability of the building to store heat. Thus, the ratio of volume to exposed surface area is widely used as an indicator of the rate at which the building will heat up during the day and cool down at night. A high volumeto-surface ratio is preferable for a building that is desired to heat up slowly, as it offers small exposed surface for the control of both heat losses and gains Balaras C.
In order to examine the effect of the shape and orientation of the poultry house, a new model house plan that will decrease the wall area while keeping the same volume is necessary. This model, named shape 2, is illustrated in ( Figure  5 ). Shape 2 has double the width and half the length of the original model house resulting in a wall perimeter of 90 m instead of 120 m of the original model. Table 6 presents the cooling load variation between the houses with different shapes. For this analysis, the previous two construction types were examined for every shape. The results show that the rectangular shape 2 model exhibits a significant decrease in the cooling load of between 8.2 and 11.3 % in respect to the elongated model house shape 1, depending on the construction type. Therefore the results show that a smaller area-to-volume ratio is preferable.
To examine the effect of orientation for the climate conditions encountered in Tangier, Morocco, the four models are rotated from their present orientation, in a clock-wise direction through 180°. Figure  6 shows the cooling load difference presented by the four models for different orientations.
Shape 1 shows the minimum cooling load per cycle at no rotation because at this position the east wall area, which has the biggest load contribution, is minimised.
Shape 2 also shows the minimum cooling load per cycle with no rotation. The decrease of the cooling load difference (at 90 degrees compared to 45 degree) is logical because this shape is almost symmetrical. For both shapes, with different constructions, the initial position is the best one from the thermal point of view. However, it is best to use narrower houses in hotter climates. With floor housing, 10-11 m (32.8-36.lft) widths are popular in very hot climates (Ernst R. A.) .
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Effect of inclined roof
The effect of constructing an inclined roof instead of the traditional flat roof is examined. As is illustrated in (Table 7) the inclined roof results in a decrease of load between 3.9 and 14.4 % depending on its orientation and time of summer, when constructed in the same way as the flat roof.
Effect of poultry house coating.
The solar absorbance coefficient depends on the properties of the wall finish. (Table 8) illustrates the effect of poultry house coating on the cooling load.
Effect of poultry number
Finally, the effect of the poultry number is examined. The occupants (chickens) emit, by basic metabolism and by physical activity, a considerable quantity of heat in the building. They therefore represent a measurable source of energy. Their contribution is translated by superheating of the atmosphere and by a supplementary need for cold. (Table 9) shows the percentage of the cooling load decrease when the number of the occupants are decreased.
Assessment of building equipped with passive cooling systems
The results of the simulation on the present poultry house highlight the necessity to refresh the building in order to avoid the heat stress phenomenon. The installation of a classical air conditioning system to meet this need will notably abate the interior air temperature. However, this remains beyond the reach of the poultry farmers of the region because of the high costs of both the energy and the installation.
The evaporative system is preferred for cooling because of its simplicity, effectiveness and low energy consumption. Thus the necessity to develop and then to couple the numerical models of these systems behaviour towards the thermal models of the house in order to evaluate the gain achieved following the use of these techniques. The numerical models have been presented in detail in a previous work Belarbi R., et al. 2001 . (Figure 7) gives the flow diagram of the TRNSYS deck file.
Description of the studied evaporative system
The behaviour of the poultry house cooled by two evaporative systems, the evaporative cooling pad and the high-pressure fog cooling system, are described.
• Evaporative pad cooling.
The most important element of this cooling system is the pad that allows the water evaporation. This component consists of a specially formulated cellulose paper, impregnated with insoluble anti-rot salts, stiffening saturants and wetting agents. The pad is illustrated in (Figure 8 ). In such a system, an adiabatic process takes place resulting in cooling and humidifying the air. The use of this system is recommended in very low humidity areas. The pads have a cross-fluted configuration that provides maximum cooling when warm air passes through the wet pad material.
According to Allard and Belarbi model (Allard F and Belarbi R.) the performance of such a system depends on the size of the wetted surface, thermal and physical conditions of the inlet air and the moisture of the system surface. Experimental and numerical studies of direct evaporative cooling systems (Belarbi R., 1998) show that the efficiency value is in the range of 0.5 to 0.8. It is defined by the following relationship: ) (Erens, 1988) . A pump allows a water supply, contained in a tank, to the pad system. The fans installed on the opposite side create a depression and absorb air through the pad. The contact of air with the wet surfaces of the cellulose leads to a liquid evaporation (latent heat of evaporation) and thus to a cooling in the poultry house.
• High-pressure fog cooling.
This system (Figure 9) consists of a pump feeding the forging tubing and the atomizing nozzles assembled on the tubing, which atomizes pressurized water. As water evaporates (latent heat of evaporation = 2500 kJ/kg of water), the surrounding air is cooled and humidified.
In regards to the high pressure fog system, by knowing the flow rate delivered by the atomizing and the rate of evaporation, the number of the atomizing nozzles to be installed can be estimated to fill the needs of cooling of the poultry house.
For the poultry houses studied in Tangier, by assuring 10 air changes per hour, the house should be provided with a tubing of 72 nozzles of 6 l/h to substitute an ordinary cooling system of maximal power equal to 300 kw.
Simulation results.
The results indicate that the use of the passive cooling system can avert the production misfortunes due to heat stress that often strikes at the end of the cycle, when the internal temperature gains (due to the occupants) are maximised. A decrease of the maximum temperature from 45 °C to 32.2 °C has been observed ( Figure 10 ) in the case of pad cooling and to 30.7 °C in the case of high pressure fog cooling system. Experimental evaluation of a poultry house equipped with high-pressure fog cooling system.
The two identical poultry houses (82 x 11.65 x 3 m 3 ) considered for this study are situated 12 km away from Tangier. In these buildings, heat stress has frequently caused flagrant mortality. They are oriented towards the Northeast direction and have a floor area of 955.3 m 2 . The number of poultry in each house was 8000 broilers. One of the two poultry houses is equipped with the high pressure fog cooling system (only on the Southeast facade) in order to study the influence of the passive cooling system on the mortality and on the quality of production. The high-pressure fog system consists of 83 nozzles of 6 l/hr of atomized water at high pressure (70 bars). Because of the lack of reliable electricity, the system was fed by a generator. This technical constraint obliged us to use the system only when the inside temperature exceeds 35°C.
During the warm days, the installation led to a decrease in the internal temperature (down to 9 °C). Concerning the quality of production, a decrease in percentage mortality rate and an increase of the poultry weight was recorded.
The passive cooling system could also be used for disinfectation and for odor abatement along with cooling.
The experimental results are summarized in (Table 10) .
The losses of this poultry farmer for July were estimated at 2400 Euro, which is equivalent to the third of the price of the installation. Consequently, the amortization of the installation can be made in three or four flocks, which is a very good payback. 
Conclusion
The measures that can be used to reduce the fatal effect of the heat stress phenomenon were investigated. This has been performed by modelling and simulating a typical poultry house. The simulations have allowed us to see the effects of various parameters on the thermal behaviour, and on the energy consumption of the poultry house. The most influential parameters are: ventilation, shape, orientation, the number of the occupants, etc. These simulations also show the necessity to urgently refresh the building in order to avoid the heat stress phenomenon. The evaporative systems were chosen because of their simplicity, their effectiveness and their low energy consumption.
Having linked the models of cooling systems to the thermal building software, TRNSYS, we have studied the interaction between poultry house type, climatic conditions and cooling system. The results show a decrease of the maximum temperature from 45°C to 32.2°C in the case of the Pad-cooling, and to 30.7 °C in the case of the high pressure fog cooling system. This has encouraged us to undertake an experimental study on two identical poultry houses: one equipped with a system of passive cooling and the other one was not. The aim of these experiments was to show, on the one hand, the performance of the high pressure fog cooling system for meeting the poultry house cooling loads, and on the other hand, the main advantages of using such a system. Thus, a decrease of the internal temperature of about 9°C was noticed. As regarding the quality of production, an important decrease in the mortality rate together with an increase in the poultry weight was noticed.
